INTRODUCTION
In gene mapping of rare diseases with Mendelian inheritance patterns, determining whether a particular variant is relevant to disease causation is generally straightforward; one observes that it segregates with the disease in pedigrees and is not observed in unaffected relatives or control subjects. Such is also the case for rare familial forms of common, complex disorders such as Alzheimer's disease (1) . In contrast, the complex inheritance patterns of most common diseases make it difficult to demonstrate convincingly that a particular variant segregates with the disease in pedigrees. Therefore, it is necessary to show the association of particular variants in cases compared with control subjects, in samples drawn from a population. Several factors complicate the interpretation of such studies. For example, analyses of rare variants lack power because it is difficult to ascertain large numbers of cases possessing the variant. Additionally, while rare variants are usually identified by comprehensive screening of case samples, control samples are typically screened only for the variants identified in the case samples; this produces an ascertainment bias (2, 3) . We now present data for Tourette Syndrome (TS) that suggest that hidden population stratification due to the overrepresentation of rare variants within particular ethnic populations may be a factor that particularly complicates the interpretation of association analyses of rare variants.
TS is a movement disorder with childhood onset, characterized by vocal and motor tics and often accompanied by neuropsychiatric symptoms such as obsessive-compulsive behaviors, attentional problems or impulsivity. TS is highly heritable but is considered genetically complex (4,5). Abelson et al. (6) recently proposed SLITRK1 (Slit and Trk-like 1) as a TS candidate gene. SLITRK1 maps about 350 kb from the breakpoint of a balanced de novo chromosome 13 inversion found during prenatal diagnosis of a child who later developed TS. In 174 TS patients of European ancestry, they found one SLITRK1 coding frameshift mutation (one patient, varCDfs) and one non-coding variant in the SLITRK1 untranslated region (two patients, var321), but did not find these variants in 1800 (varCDfs) and 2148 (var321) controls, also of European ancestry; the latter result showed nominally significant evidence of association. As the association result implicates var321 in increased risk for TS at the population level, we hypothesized that it might be associated with TS in a large cohort of TS patients drawn from two populations. We found no evidence for association of var321 with TS in either population, nor did we observe any instances of varCDfs.
RESULTS
We genotyped the variants varCDfs and var321 in 822 individuals from independently ascertained nuclear families. TS families included 193 TS patients and 322 parents from the Ashkenazi Jewish (AJ) population, and 114 TS patients and 193 parents from the Central Valley of Costa Rica (CVCR). Genotyping data are presented in Table 1 . We did not find either variant in the CVCR samples. We also were unable to observe any occurrences of varCDfs in the Ashkenazi cohort. We did, however, identify eight instances of the noncoding variant var321 in heterozygous form: in five unrelated, phenotype-unknown parents of TS probands and in three affected children. All var321 genotypes were confirmed by sequencing, and parentage was verified using microsatellite markers. The transmission patterns of the var321 allele are presented in Figure 1 . Whereas three of the var321-carrying parents transmitted var321 to their TS-affected child, two var321-carrying parents did not transmit the allele. These results indicate that the variant does not segregate with disease in our samples.
Our observation of var321 on the non-transmitted parental Ashkenazi chromosomes prompted us to look for the variant in a larger matched Ashkenazi cohort unrelated to TS (Repository for DNA for Ashkenazi Jewish Controls http://www. hopkinsmedicine.org/epigen/ ). We found var321 in heterozygous form in one individual from a cohort of 256 Ashkenazi controls with no history of tics or obsessive behaviors. Failure of var321 to segregate with disease in two out of five families argues against var321 being a major TS-susceptibility allele. Further, the observation of var321 in Ashkenazi families and controls suggests that var321 has a higher prevalence in the Ashkenazim than in the CVCR, and possibly the European control population assessed by Abelson et al. Although the frequency of var321 in the Ashkenazi control population is not significantly different from European controls (P ¼ 0.1071, Fisher's Exact Test), the probability of not observing any instance of a variant with a frequency of 1/512 (the observed frequency in Ashkenazi control chromosomes) in the 4296 European control chromosomes of Abelson et al. is small (P ¼ 0.0002251), suggesting that the Ashkenazi control group does indeed differ from the controls assessed by Abelson et al.
DISCUSSION
The overriding issue in conducting association analyses of rare variants is that it is difficult to obtain enough statistical power to unequivocally interpret their results. In our study, the sample of several hundred individuals does not have Although our results do not provide a definitive answer regarding the validity of the association proposed by Abelson et al., they suggest that these results may reflect hidden stratification between cases and controls. As with other aspects of interpreting association results for rare variants, available methods may not have sufficient power to permit clear conclusions regarding this possibility. Furthermore, family-based designs for association studies-which provide the most reliable guard against spurious associations that are due to such stratification-have very little power to detect association for rare variants.
The likelihood that rare variants may be limited to a particular ethnic population underscores the particular importance of ethnically matching case and control samples in association analysis of rare variants. Because there is a higher likelihood of a substantial gradient in allele frequencies between different populations of European origin for rare variants than for common variants, matching cases and controls for ethnic population is more difficult for rare variants. This is particularly true in countries such as the USA in which there is both considerable ethnic admixture and regional variability in the frequency of particular ethnic backgrounds. For example, a rare variant that is overrepresented in the Ashkenazi population is much more likely to be present in samples drawn from areas with current or historically high Jewish populations (e.g. the New York Metropolitan Area) than from regions with smaller Jewish populations (e.g. the rural Midwest). One means of partially allaying this problem is to ascertain cases and controls from within the same geographical area. Such geographical matching may be useful even if the subjects do not identify themselves as members of particular ethnic groups. Ancestral self-identification, which has historically been used to match cases and controls, may be a relatively unreliable source of information. For example, a recent study assessed the reliability of self-reported ancestry among siblings residing in Minnesota and surrounding states and found that less than half of siblings agreed on the countries of origin of both parents (9) .
Given the unreliability of self-reported ethnicity as a guard against stratification, several methods have been developed to detect stratification using genotype data. Failure to detect stratification using these approaches should be interpreted cautiously. For example, screening for the presence of hidden population stratification (e.g. using random unlinked markers) may not detect subtle differences in the genetic composition of case and control groups, which can contribute substantially to spurious association results (10) . It may be possible to improve the power of such analyses by obtaining more extensive self-report genealogies from cases and controls (11) . Genomic control approaches (12) are becoming widely used, but may not be sensitive to even moderate levels of stratification (13) . Correction factors may be applied that enhance the utility of this approach, in that-even when there is no direct evidence of stratification-the null hypothesis is rejected at more appropriate levels (13) . Typing cases and controls for ancestry-informative markers (AIM) (14) may be useful for interpreting associations for rare variants that are overrepresented within a particular ethnic population. However, for this approach to be generally useful, it will be necessary to employ AIMs that are in linkage disequilibrium with the markers being tested for association, requiring the identification of such markers at high resolution across the genome.
Cases and control samples may be mismatched for reasons other than population stratification. For example, differential processing of case and control DNAs (which are often collected separately and even by different groups of investigators) may generate occasional genotyping artifacts that may be misinterpreted as rare variants. It has been proposed that statistical methods such as genomic control analysis may be useful for detecting such occurrences (15) .
While our data highlight the special problem of ethnically matching cases and controls for association studies of rare variants, they also add to the growing literature indicating that interpreting association tests between rare variants and complex traits is a general problem for the field. For example, a recent report implicated a rare 21 bp deletion in MEF2A in susceptibility to coronary artery disease (CAD) (16) . Subsequently Weng et al. (17) identified this MEF2A deletion in six elderly control individuals from three families who showed no evidence of CAD, suggesting that the initial report might reflect a chance co-occurrence. In the cases of both SLITRK1 and MEF2A, the variants in question appear to be rare polymorphisms that do not consistently segregate with their respective diseases. Clearly, statistically significant mutations, multiple mutations that are functional and co-segregate with disease, de novo mutation, and/or model systems are required to prove a link between variation in these genes and disease (3).
It is not yet clear what strategy will be best for assessing the significance of association to rare variants. Systematically (2) . This strategy has the advantage that it does not place excessive weight on the findings for any single variant. Testing such aggregates of rare variants in cases and controls requires systematic variant discovery in the two groups for all candidate genes being considered in relation to a disease. In addition, it is not certain that strategies involving the joint analysis of several variants together will guard against hidden stratification; while it seems unlikely that a similar pattern of stratification between cases and controls will occur for a substantial proportion of the variants tested in a single analysis, such a situation is possible and could be difficult to detect. In summary, it is inadvisable to analyze rare variants by comparing very low counts in cases with even lower or missing counts in controls. The data discussed here point to the need for the field to develop a consensus on appropriate approaches for design of association analysis of rare variants.
MATERIALS AND METHODS

Samples
The research protocol was approved by the UCLA, UCSD, UCSF, Johns Hopkins and Hospital Nacional de Niños (Costa Rica) IRBs. TS probands were recruited through clinical referral, the Tourette Syndrome Association, newspaper and television advertisements describing key features of the syndrome, schools and family referral. All probands met strict diagnostic and genealogic criteria. The study included only patients with diagnoses of definite TS/definite TS, definite TS/TS history, or probable TS/definite TS by DSM-IV and TS Collaborative Study Group (TSCSG) criteria. Parents were not routinely clinically assessed, and are phenotype unknown unless otherwise indicated. Ashkenazi probands have at least three of four grandparents of Ashkenazi descent, and CVCR probands have at least five of eight greatgrandparents from the CVCR. All individuals found to have the var321 allele had all four grandparents of Ashkenazi descent. AJ controls were recruited for the study of complex diseases in Jews, and were ascertained from multiple sources including advertisement and presentations. Individuals selected for this study had no history of neuropsychiatric traits (self-reported from medical and psychiatric history questionnaires, which included questions about tics and obsessions and compulsions), had all four grandparents of Ashkenazi descent, and were .40 years old at the time of collection.
Genotyping
Genotype data were collected via TaqMan Assay-by-Design on a 7900HT PCR system (Applied Biosystems) using the following primer sequences: SLITRK1-V321F, 
